Introduction
Nests are supposed to protect animals from hostile environmental conditions [1] . In 32 social insects, nests can be considered as microclimate regulation devices (for gas exchange, 33 temperature or humidity) and have intrigued researchers for decades [2] [3] [4] [5] [6] . They are also an 34 inspiring source for human engineering applications [7] [8] [9] [10] . Nest thermoregulation can be 35 characterized as either active or passive [4] . Active thermoregulation is defined as mastered 36 by insect behavior such as fanning behavior in bees [4] or the creation of an energy sink by 37 bringing up underground water in termites [11] . On the other hand, passive 38 thermoregulation relies on mechanisms such as nest site selection [4, 12] or nest 39 architecture [6] . An outstanding example of passive thermoregulation is the ventilation 40 system developed by some ant and termite species to increase the ventilation of their 41 underground chambers [7, [13] [14] [15] [16] [17] . 42
Nest temperature is highly influenced by external periodic forcing. Even if the nest 43 structure generally permits a good regulation of the internal microclimate, nest 44 temperatures often follow short term (daily) and long term (weekly, annual) environmental 45 fluctuations [7, 18] . In mound-building species, like the African termite Trinervitermes sp., the 46 temperature fluctuations are more important in the upper part of the mound than inside the 47 core [18, 19] . Here, we investigate temperature dynamics in the Neotropical termite 48
Procornitermes araujoi Emerson (1952) [20] . This species is endemic to the Brazilian cerrado 49 (savanna). Its colonies inhabit nests that are characterized by medium-sized mounds usually 50 rising less than 1m above ground (Fig 1a) . The internal architecture is relatively simple with 51 an homogeneous foam-like structure (Fig 1a) [21, 22] also found in Trinervitermes sp or even 52 in ant species like the black-garden ant Lasius niger [23] . It lacks the complex ventilation 53 systems found in fungus-growing termites [15, 24] or in leaf-cutting ants [14] . It is thus a 54 convenient species to study nest thermoregulation in simple architectures with lower 55 metabolic activity compared to fungus growing species. In closed mounds like those built by P. araujoi, nest material is likely to influence 66 thermoregulation by affecting the microstructure of the walls and water retention, which 67 are probably also crucial for gas exchange properties in such nests [16, 25] . In P. araujoi, the 68 workers use soil, regurgitated soil, fecal material and saliva as construction material [21] . 69
Moreover, the mounds are often covered by a thin layer of loose soil and grass [20; personal 70 observations] that could also have insulating properties [26] . 71
In this study, we monitored nest temperature in different parts of P. araujoi nests. 72
Our aim was to characterize the buffering effect of the structure, that is the ability of the 73 structure to regulate the internal temperature against external environmental fluctuations. 74
Previous studies have shown that mounds are subject to daily and long term temperature 75 fluctuations and that termites may contribute to this buffering effect [11, 18] . To investigate 76 nest thermoregulation, we propose a methodology that first identifies thermal patterns and 77 then to quantify them using the heat equation. 78
From a technical point of view, detecting patterns in raw time series (as our data) can 79 quickly become tricky [27] [28] [29] . Such technical difficulties can obfuscate the actual biological 80 interpretation of the data. Here we first propose to use a quick-look method: rasterization 81 [30] [31] [32] . This method consists in transforming 1D time series with a dominant periodic 82 forcing (here daily fluctuation) into a 2D image that can be suitable for a quick visual 83 inspection. In addition we transformed the data by using different thresholding and 84 normalization schemes that allows to accentuate patterns in the rasterized images and thus 85 helping to understand the overall dynamic patterns. This rasterization method first allows us 86 constant that tells whether the living mound is globally a free system, an energy source or an 95 energy sink. 96 97
Methods

98
Biological material and experimental field area 99 Three nests of the termite P. araujoi were monitored during two weeks (04/11/2016-100 18/11/2016) in a pasture located at the Fazenda Capim Branco (18°52'48''S, 48°20'27''W), 101 an area belonging to the Federal University of Uberlândia, Minas Gerais, Brazil (S1 Fig). The 102 circumference of each nest at different heights (corresponding to the levels where each 103 probe was inserted (Figs 1b,c and Table S1)) was measured to estimate the size of the nests. 104
The total volume of a nest was estimated as the sum of the volumes of each section. The 105 volume of the upper section (top of the nest) was calculated using the formula for the 106 volume of a cone (π × R 2 × h / 3, with h the cone height and R the radius at its base). For the 107 2 lower sections, the formula of a truncated cone (h × π/3 × (R 1 2 + R 2 2 + R 1 × R 2 ) was used, 108
where R 1 and R 2 are the radiuses of the upper and lower discs respectively). The total 109 volumes were 0.34, 0.52 and 0.39 m 3 respectively for nests A, B and C ( Table  122 S1 for details). Each probe was placed into a 2 cm diameter plastic tube. The tubes were 123 sealed at one end with a mesh to prevent the termites from entering. The other end was 124 sealed with silicone. A concrete drill of 2.5 cm diameter was used to dig the holes into the 125 nest (from the east side) and the ground where the tubes were placed. For each nest, two 126 probes were placed inside each tube at each position in case of failure of one. Probes were 127 placed (1) at the top of the nest, 5 cm below the nest surface, (2) on the side, at a horizontal 128 distance of 20 cm from the surface, (3) inside the core of the nest (40 cm depth with an 129 angle of 45° compared to the horizontal), in the soil next to the nest (4) at 5 cm depth and 130 (5) at 20 cm depth, (6) at 1 m distance from the nest at 20 cm depth. When all the probes 131 were installed, the data-loggers were started. The probes placed at the same location gave 132 quasi identical data (Table S1) . Therefore, only one of the two probes was used for the 133
analysis. 134
Environmental parameters (air temperature, solar radiation, precipitations and 135 relative humidity) were monitored in the meteorological station of the Fazenda Capim 136
Branco situated approximately at 500m from the experimental field area. year, lunar month) on the y-axis, and subsequent periods on the x-axis; the actual signal is 142 encoded in colors to obtain a heatmap like image (Fig 2b) . Converting a time-series into a 143 2D image not only allows decomposing the signal, but also applies a smoothing effect 144 that reduces the details and emphasizes the general patterns. 145
In the case of a weak amplitude of the signal, some patterns can be masked by the 146 color scale (Fig 2b) . To solve this issue, one can enhance the contrast by normalization 147 of the signal, for example into the range of [-1,1] (see S2 Text eq (S2)) (Fig 2c) . This 148 allows comparing easily the temporal dynamics of signals that have different amplitudes Another way to enhance contrast and facilitate pattern identification in 151 rasterized images is to use hard thresholding (Fig 2d) : it replaces each original value by 152 one of two colors (binary data) according to a reference value used as a threshold. This 153 allows to visualize the sign of the anomaly (that is defined as the departure of the value of 154 a series from a reference value). 155
Finally, the dynamics of the time-series can be visualized by plotting the differences 156 between subsequent values in the series (increments). These increments can also be 157 normalized to increase contrast and facilitate pattern identification (Fig 2e) . We assume that the heat propagation is done along the vertical axis and therefore that 181 The heat transfer equation written previously corresponds to a free system. In the case 212 of a non-autonomous system, with an energy well or forcing (such as heat absorption by 213 water brought in by the termites or metabolic heat), the heat transfer equation is 214 modified by an additive term, 215
The additive energy is a negative term in case of a loss of energy, that is an energy 217 sink, and non-negative for an input of energy, that is a positive forcing. 218 219 Numerical approach 220 In order to link the heat equation to our temperature measurements at few 221 discrete spots in the nest, it is necessary to discretize the partial differential equation. 222
This discretization has to take into account the time characteristic of the cycles 223 according to the time step of the data. It also has to take into account the heat 224
propagation inside the soil. The flux transfer and the heat propagation in the soil are 225 slow processes compared to external temperature forcing. Therefore, before the 226 computation of the time and spatial derivatives, the fast variations are filtered from the 227 temperature measurements by using a Fourier low-pass filter. Since the mean diffusivity 228 coefficient and the mean additive forcing are of interest, the frequency of this low-pass 229 filter corresponds to the diurnal cycle of 24 hours. 230
The time derivative is directly estimated by the first order difference: where 231 ∆ is the data time step, and ∆ S is the difference ∆ S = S − S:; ( S is the 232 temperature at the time S = ∆ ). This temperature derivative series is estimated 233 using the side probe 0 . 234
The vertical temperature Laplacian at a given depth, ∆ is the temperature 235 second derivative. This term is computed by two vertical derivatives. If U S is the 236 temperature for the time S = ∆ at the j-th depth, the heat flux = usefulness in the case of time series data is still strongly debated. We therefore chose 260 not to report any standard errors for D and Q in a given nest, but to compute them with 261 the classical formula over the three values obtained for our three (independently) 262 monitored nests. 263
Results
264
The mean, standard deviation and coefficients of variation for each probe are given in Table  265 2. The mean temperatures monitored at the different locations of the nest as well as in the 266 soil are almost identical. For both the mound and the soil, the standard deviations decrease 267 with depth z, leading to decreasing coefficients of variation. The temperature amplitudes are 268 indeed much higher at the top of the nest (temperature range [16;44] °C) compared to the 269 core (temperature range [24;28] °C ; Fig 3a, S2 Fig) . The same applies to the comparison of 270 the soil temperatures at 5 and 20 cm. Mound temperatures are on average higher than soil 271 and air temperatures (Fig 3a) . Note that the air temperature and its amplitude are similar to 272 those of the soil temperatures at 5 cm. In addition, daily variations of air temperature are 273 intermediate between the top and the core of the nest. 274 275 Interpretation of the rasterized images 286 The rasterized images of the raw data (Fig 3a) show comparable patterns for probes with increasing depth in both the nest and the soil, data also show that maximum 289 temperatures are attained later in the evening with increasing depth (Fig 3a) . However, on 290 these figures one can barely see a pattern in the core or soil at depth 20cm. A clear pattern 291 appears in both cases in Fig 4 where we normalized the data into the range [-1;1]; maximum 292 temperatures were much delayed compared to air and nest top ones (around 4 pm), 293 occurring at midnight in the core. One can also see that the highest temperatures and the 294 daily variation are smaller in all probe locations on days 11 and 12. This can be explained by 295 cooler air temperature, less intense solar radiation and higher precipitations (with higher 296 relative humidity, see Fig 3b) for these two days. This reveals that temperature of the nest 297 follows the long-term environmental fluctuations and is true even for the core temperature 298 although more attenuated than at the most peripheral locations in the nest and in the soil. 299 of the soil at 5 cm can be visualized through the sign of the anomalies using the hourly mean 315 temperature as threshold value (Fig 6) . To visualize the temporal dynamics of heating and cooling, we plotted the hourly 327 mean raw temperature at the different locations for the three nests (Fig 7a) . We excluded 328 days 11 and 12 which were different from the other days (Fig 3) . The normalization of this 329 data reveals a temporal shift of the maximum and minimum temperatures as one goes 330 deeper inside the nest or in the soil (Fig 7b) . Remarkably the heating and cooling of the core 331 follows an inverted temporal pattern when compared to the top of the nest. Nevertheless, it 332 is not easy to perceive whether the duration of the heating or the cooling are the same. This 333 is easier to assess on the rasterized image of the normalized temperature increments 334 following eq S1 (Fig 8) . The heating phase is well identified by the dominant magenta 335 coloring, while the cooling phase has dominant blue coloring. Whatever the location, the 336 heating phase is shorter than the cooling phase. We also notice that these two phases 337 tended to be less asymmetric the deeper the probe location. The alternating pattern of 0 338 and of non-zero values in the least-varying core temperatures illustrates rather slow periods 339 of heating and cooling (see eq S1). By contrast, the almost continuous color patterns at the 340 top and the side of the nest indicate faster heating and cooling periods preceded or followed 341 by a rather long period of stationary temperatures centered around midnight. 342 derivative and its linear prediction from the spatial flux gradient: there is a good agreement 364 between the two series. The two other nests give quite similar plots. 365
The estimated parameters of the heat equation for the three nests are summarized in Table  366 3. Nests A and B have coefficients of the same order, with ~0.31 − 0.51 10 :{ 0 :; . Nest 367 C's diffusivity coefficient is doubled. The mean additive forcings Q are all positive and in the 368 range 0.37 − 1.24 10 :d :; . The time lag is about 70-80 minutes for nests A and B, and 369 about 170 minutes for nest C. In conclusion, nest C seems to have a behavior different than 370 the two other nests. 371
Discussion
372
Termite mounds are historically cited as an example of thermoregulated 373 constructions [6] . Nevertheless, recent studies rather suggest that there is no active 374 thermoregulation in these structures, even in the complex mounds of the fungus growing 375 termite Macrotermes michaelseni [7] . Here, we measured temperature at different positions 376 in the nest of the Neotropical mound-building termite P. araujoi. We aimed to characterize 377 the dynamics of heat propagation and to investigate how the structure reacts to external 378 forcing. We first used rasterized images to visualize our data and to decompose the effects 379 of the diurnal and the large scale temporal forcing on temperature in the different parts of 380 the nest. The results show that nest temperatures are strongly correlated with external 381 forcing (solar radiation, rain), an argument for the weakness or absence of active 382 thermoregulation. Nevertheless, even these simple homogeneous foam-like architectures 383
show interesting thermal properties. Our results show indeed that the temperature pattern 384 of the mound core differs from the top and the side of the mound as well as from the soil 385 (both at 5 cm and 20 cm depth). On the one hand the core temperatures are very stable on a 386 daily scale, while there are more important temperature fluctuations for the rest of the 387 mound and the soil (Fig 3 and Table 2 ). They are also higher than in the soil, thus providing a 388 warm and very stable environment for the termites. On the other hand, it is also clear that 389 the core, like the other parts of the mound and the soil, undergoes long term variations as 390 the pattern observed for the core in Figs 4 and 5 corresponds to the one observed for the 391 meteorological data (Fig 3b) . These results confirm the findings on the mounds of the 392 African termite Trinervitermes sp. which builds nests with similar architecture [18, 19] . In 393 particular, the increased core temperature has been found during the whole year [18] and is 394 thus not only a simple consequence of monitoring temperature during the summer as we 395 did. 396 In contrast to nests of T. trinervoides [18] our species' nests extend below ground. A 408 comparison between the core and soil temperature dynamics is therefore relevant. Though 409 the patterns observed for the core are relatively similar to the ones for the soil at 20 cm 410 depth, there are strong differences between the two concerning the dynamics of cooling and 411 heating (Figs 7 and 8) . The heating phase occurs later in the core compared to the soil. This 412 could be explained by the fact that it takes much more time for the heat to propagate from 413 the top of the mound which lies at 60-70 cm above the soil, than it takes to propagate from 414 the soil surface to the 20 cm depth probe. Moreover, in the increments plot (Fig 8) one can 415 see that the spacing between the discrete lines during the heating phase is tighter in the soil 416 than in the nest's core, showing clearly that the latter has more efficient buffering properties 417 against external forcing. Compared to the soil, the mound core therefore provides a more 418 stable (and warmer) environment for the termites. Note that temperature increments are 419 negatively correlated with spatial temperature variation between probes (Figs 4 and 8) , 420 indicating that it is relevant to analyze nest temperature dynamics in the context of the 421 general heat equation. In fact, our analysis suggests that the heat equation explains well the 422 diffusion of heat inside the mound structure. Our estimation of the heat diffusivity 423 coefficients are similar to those of soils of similar composition [43] . The higher diffusivity 424 coefficient and time shift of nest C (Table 3) suggest that mound temperature is increased in the presence of termites. However, simple 433 metabolic heat has been ruled out in the case of M. michaelseni [7] which, as a fungus 434 growing termite, produces much more metabolic heat than P. araujoi. An increase in 435 temperature could be induced more actively by the termites [44] or by the mound design 436 itself. Whatever the origin of this additional source of energy, our methodology permits to 437 precisely quantify its value. 438
We think that the methodology we proposed here could be useful for future studies 439 aiming to understand the mechanisms underlying termite nest thermoregulation. From a 440 physical and evolutionary point of view a comparative approach between sympatric species 441 that only differ by their mound architecture would be particularly interesting. In the case of 442 P. araujoi we suggest to compare to Cornitermes cumulans (whose individuals are close in 443 size but whose mound architecture is much more elaborated with solid outer walls and soft 444 organic inner space [45,46]) or to Cornitermes bequaerti (whose mounds are not closed but 445 have outside openings for ventilation [46, 47] ). 446
To conclude, rasterization allowed a quick assessment of temperature monitoring 447 data, suggesting the heat equation could govern nest temperature dynamics. The 448 parameters of the heat equation were estimated from the monitoring data in order to 449 characterize the overall nest temperature dynamics. To our knowledge this is the first study 450 that develops a numerical scheme to link the heat equation to mound temperature 451 dynamics and thus validates its pertinence for the studied system. 452
and Applied Mathematics; 1992. 536 Supporting Information 594 S1 Text. Data loggers. Data loggers are designed to work autonomously for several weeks. They store 595 temperature every ten minutes on an SD card (Secure Digital). The data logger has 3 main parts:
596
-10 sensors measuring temperature (SHT25, Sensirion AG, Staefa ZH, Switzerland) 597 -Mass storage (2GB micro SD card, Transcend Information -Inc., Taipei, Taiwan) 598 -Microprocessor (PIC18F26K22, Microchip Technology, Chandler, Arizona, United States) 599
The processor coordinates the actions via an internal clock activated every ten minutes. It sequentially 600 accesses each of the ten sensors, reads the temperature and stores these ten values in an internal RAM 601 (Random Access Memory). Every 40 minutes, data in RAM are converted to ASCII (American Standard 602 Code for Information Interchange) and then saved on the SD card in a standard CSV format (Comma-603 Separated Values). This implementation contributes to the long autonomy of the device. The data is coded 604 on sixteen bits (maximum 65535 or five ASCII characters). The fourteen most significant bits represent 605 the measured value and the two least significant bits contain status information that is not used here.
606
These two bits must be set to zero for the calculation of temperature detailed below. Temperature T ( 6 in 607 binary format) is obtained through the transformation: 612 613 S1 
616
For all the nest positions, two probes were placed in the same tube. We calculated the mean and standard 
